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3We report the first observation of a00(980)-f0(980) mixing in the decays of J/ψ → φf0(980) →
φa00(980) → φηpi
0 and χc1 → a
0
0(980)pi
0 → f0(980)pi
0 → pi+pi−pi0, using data samples of 1.31 × 109
J/ψ events and 4.48 × 108 ψ(3686) events accumulated with the BESIII detector. The signals of
f0(980) → a
0
0(980) and a
0
0(980) → f0(980) mixing are observed at levels of statistical significance of
7.4σ and 5.5σ, respectively. The corresponding branching fractions and mixing intensities are mea-
sured and the constraint regions on the coupling constants, ga0K+K− and gf0K+K− , are estimated.
The results improve the understanding of the nature of a00(980) and f0(980).
PACS numbers: 13.25.Gv, 12.38.Qk, 12.39.Mk
Since the discoveries of a00(980) and f0(980) several
decades ago, explanations about the nature of these two
light scalar mesons have been controversial. These two
states, with similar masses but different decay modes and
isospins, are difficult to accommodate in the traditional
quark-antiquark model [1], and many alternative formu-
lations have been proposed to explain their internal struc-
ture, including tetra-quarks [1, 2], KK¯ molecule [3], or
quark-antiquark gluon hybrid [4].
The mixing mechanism in the system of a00(980)-
f0(980), which was first proposed in the late 1970s [5], is
thought to be an essential approach to clarify the nature
of these two mesons. Both a00(980) and f0(980) can de-
cay into K+K− and K0K¯0, which show a difference of
8 MeV/c2 in the production mass threshold due to isospin
breaking effects. The mixing amplitude between a00(980)
and f0(980) is dominated by the unitary cuts of the
intermediate two-kaon system and proportional to the
phase-space difference between them. As a consequence,
a narrow peak of about 8 MeV/c2 in width is predicted
between the charged and neutral KK¯ mass thresholds,
while the normal widths of a00(980) and f0(980) should
be 50 − 100 MeV/c2 [6]. The mixing mechanism has
been studied extensively in various aspects, and many
reactions have been discussed, such as γp → ppi0η [7],
pi−p → pi0ηn [8, 9], pn→ dpi0η [10–12], dd→ αpi0η [13].
However, no quantitative experimental result has been
firmly established yet.
Inspired by Refs. [14–16], a first quantitative calcula-
tion was carried out to examine the a00(980) ↔ f0(980)
mixing with the isospin-violating processes of J/ψ →
φf0(980) → φa
0
0(980) → φηpi
0 and χc1 → pi
0a00(980) →
pi0f0(980) → pi
0pi+pi− [17–20]. The central masses and
couplings of a00(980)→ ηpi
0/KK¯ and f0(980)→ pipi/KK¯
from various models [1–4] and different experimental re-
sults [21–26] were investigated. The mixing intensities,
i.e., ξfa for the f0(980)→ a
0
0(980) transition and ξaf for
the a00(980)→ f0(980) transition, are defined as
ξfa =
B(J/ψ → φf0(980)→ φa
0
0(980) → φηpi
0)
B(J/ψ → φf0(980) → φpipi)
, (1)
ξaf =
B(χc1 → pi
0a00(980)→ pi
0f0(980) → pi
0pi+pi−)
B(χc1 → pi0a00(980)→ pi
0pi0η)
. (2)
The mixing intensities, ξfa and ξaf , are important ex-
perimental probes of the nature of a00(980) and f0(980),
as they are sensitive to the couplings in the processes
of a00(980) → KK¯ and f0(980) → KK¯, respectively. A
direct measurement of the mixing intensities would pro-
vide crucial constraints in models of a00(980) and f0(980)
internal structure. It is also worth noting that besides
the a00(980)-f0(980) mixing mechanism, the underlying
electromagnetic (EM) processes of J/ψ → φa00(980) and
χc1 → pi
0f0(980) with normal widths of a
0
0(980) and
f0(980) may occur via a γ
∗ or K∗K loop [17], and the
EM processes will interfere with the corresponding mix-
ing signals.
As suggested by Refs. [17, 18], the mixing intensities,
ξfa and ξaf , were measured based on the data samples
of 2.25 × 108 J/ψ events and 1.06 × 108 ψ(3686) events
collected at BESIII via the decays of J/ψ → φηpi0 and
χc1 → pi
+pi−pi0 [27]. At present, BESIII has accumulated
much larger data samples of 1.31×109 J/ψ events [28, 29]
and 4.48 × 108 ψ(3686) events [30, 31], which provides
a good opportunity to firmly establish the existence of
a00(980)-f0(980) mixing and precisely measure the mixing
intensities. In this Letter, we present a study of a00(980)-
f0(980) mixing with the decays of J/ψ → φηpi
0 (η →
γγ and η → pi+pi−pi0, φ → K+K−) and ψ(3686) →
γχc1 → γpi
0pi+pi−. The signals of a00(980)-f0(980) mixing
are observed with a statistical significance of larger than
5σ for the first time, and the corresponding branching
fractions and mixing intensities are measured.
Details on the features and capabilities of the Beijing
Electron-Positron Collider (BEPCII) and the BESIII de-
tector can be found in Refs. [32, 33]. A geant4-based [34]
Monte Carlo (MC) software package is used to optimize
the event selection criteria, estimate backgrounds, and
determine the detection efficiency. The selection crite-
ria of charged tracks, particle identification (PID), and
photon candidates are the same as those in Ref. [27].
For the decay J/ψ → φηpi0 with η → γγ (pi+pi−pi0),
the candidate events are required to have two kaons
(and two pions) with opposite charges and at least four
photons. A four-constraint (4C) kinematic fit enforc-
ing energy-momentum conservation is performed for the
K+K−(pi+pi−)γγγγ hypothesis. For the events with
more than four photons, the combination with the small-
est χ24C is retained, and χ
2
4C < 50 (60) is required.
For the η → γγ decay mode, the pi0 and η candidates
are reconstructed by minimizing χ2pi0η =
(Mγ1γ2−mpi0 )2
σ2
pi0
+
(Mγ3γ4−mη)2
σ2η
, where mpi0 and mη are the nominal masses
4of pi0 and η [6],Mγ1γ2 andMγ3γ4 are the invariant masses
of the γ1γ2 and γ3γ4 combinations, and σpi0 and ση are
their corresponding resolutions, respectively. The pi0 and
η candidates are required to satisfy |Mγ1γ2 − mpi0 | <
15 MeV/c2 and |Mγ3γ4 − mη| < 30 MeV/c
2, respec-
tively. To reject the backgrounds of J/ψ → K+K−pi0pi0
and J/ψ → K+K−ηη, two analogous chi-square vari-
ables χ2
pi0pi0
and χ2ηη are defined, and candidates are re-
quired to satisfy χ2pi0pi0 > 40 and χ
2
ηη > 5. In the decay
η → pi+pi−pi0, the two pi0 candidates surviving the pi0
mass window requirement and with the smallest χ2
pi0pi0
are kept for further analysis. The pi+pi−pi0 combination
with an invariant mass Mpi+pi−pi0 closest to mη and in
the mass window of |Mpi+pi−pi0 −mη| < 20 MeV/c
2 is re-
garded as the η candidate. Finally, the φ signal events are
identified by requiring |MK+K− −mφ| < 10 MeV/c
2 for
both η decay modes, where MK+K− denotes the K
+K−
invariant mass and mφ is the φ nominal mass.
After applying the above selection criteria, the Dalitz
plots and the projections of Mpi0η of the accepted candi-
date events of J/ψ → φηpi0 are shown in Fig. 1 for the two
η decay modes. Prominent a00(980) signals are observed.
In the η → pi+pi−pi0 decay, an obvious f1(1285) signal
from the background J/ψ → φf1(1285) (f1(1285) →
pi+pi−pi0pi0) is observed in Fig. 1(d). In addition, there
are also horizontal bands around 2.0 (GeV/c2)2 in
the Dalitz plots, which originate mainly from J/ψ →
ηK∗±K∓ events within the φ mass window requirement.
A detailed study indicates that the background events
are dominantly from the non-φ and non-η processes,
while the non-pi0 backgrounds are negligible. There-
fore, the background events in the φ sideband region
(1.05 < MK+K− < 1.07 GeV/c
2) and η sideband re-
gions (0.06 < |Mγγ(pi+pi−pi0) − mη| < 0.12 GeV/c
2) are
used to estimate the backgrounds. The expected back-
grounds are shown as the dashed lines in Figs. 1(b) and
(d), and the f1(1285) peak is well described by the side-
band events. A small η′ signal is observed underneath
the a00(980) peak, which originates mainly from the de-
cay J/ψ → φη′. To improve the mass resolution of the
a00(980) signal, a 6C kinematic fit with additional mass
constraints on the η and pi0 candidates is performed to
the remaining events for the two η decay modes, respec-
tively, and the resulting Mηpi0 distributions are used to
determine the signal yields.
To determine the f0(980)→a
0
0(980) mixing signal in
J/ψ → φηpi0, an unbinned maximum likelihood method
is used to simultaneously fit the pi0η mass spectra for the
two η decay modes in the range of [0.70, 1.25] GeV/c2.
In the fit, the f0(980)→a
0
0(980) mixing signal, the EM
a00(980) signal as well as their interference are considered
as
|Amix(m) · e
iϕ · α+Aa(m)|
2 × (p · q), (3)
where Amix(m) =
Dfa
Da·Df is the amplitude of the mix-
ing signal [17, 18], Da and Df in the denominators are
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Figure 1. (color online) Dalitz plots for J/ψ → φηpi0 (left) and
mass projections on Mpi0η (right); the upper-row plots are for
the decay η → γγ, the down-row plots are for the decay η →
pi+pi−pi0. Dots with error bars represent the data, the (red)
solid curves represent the MC simulated J/ψ → φa00(980) EM
process, with the width of a00(980) being set to its nominal
value and amplitudes being normalized to the fit results, and
the (blue) dashed curves represent the backgrounds estimated
by the sideband events.
the a00(980) and f0(980) propagators, respectively, and
Dfa =
g
a0K
+K−
·g
f0K
+K−
16pi ×i[ρK+K−(s)− ρK0K0(s)] is the
mixing term. Here, ρKK¯(s) is the velocity of the K me-
son in the rest frame of its mother particle, and s is the
square of center-of-mass energy of the mother particle.
Aa(m) =
pL1qL2
M2a0
−s−i√s[Γa0
ηpi0
(s)+Γ
a0
KK
(s)]
is a Flatte´ formula
for the EM a00(980) signal. Γ
a0
ηpi0
(s) =
g2
a0ηpi
0
16pi
√
s
ρηpi0(s) and
Γa0
KK
(s) =
g2
a0K
+K−
16pi
√
s
(ρK+K−(s) + ρK0K0(s)) are the par-
tial widths of a00(980) → ηpi
0 and a00(980) → K
+K−,
respectively, where g2
a0ηpi0
and g2
a0K+K−
are the coupling
constants and p and q are the momenta of a00(980) and pi
0
in the rest frames of J/ψ and a00(980), respectively. L1
and L2 are the corresponding orbital angular momenta
and α and ϕ represent the magnitude and relative phase
angle, respectively, between the mixing signal and the
EM process.
In the fit, the central masses and the coupling con-
stants of a00(980) and f0(980) are fixed to the values ob-
tained by the Crystal Barrel (CB) experiment [18, 21].
The mass resolution and the detection efficiency curve
obtained from the MC simulation are taken into account.
The two η decay modes share identical parameters for
the signal components in the fit. The background is rep-
resented by a second-order Chebyshev polynomial func-
tion with free parameters. The peaking backgrounds
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Figure 2. (color online) Fits to the Mηpi0 spectra of the
J/ψ → φηpi0 for destructive (upper) and constructive (lower)
interference in the decay η → γγ (left) and η → pi+pi−pi0
(right), respectively. The dots with error bars represent the
data, the (black) solid curves represent the total fit results, the
(red) dashed curves represent the mixing signals, the (pink)
dashed curves represent the J/ψ → φa00(980) EM processes,
the (light-blue) dotted curves represent the interference terms,
the (dark-red) long-dashed lines represent the sum of a00(980)
signals, the (blue) solid curves show the η′ peaking back-
grounds, and the (blue) dot-dashed curves represent the con-
tinuum backgrounds.
from the η′ decays are included with shapes and mag-
nitudes fixed to values estimated from the MC simu-
lation. Two solutions (denoted as solution I and solu-
tion II for the destructive and constructive interferences,
respectively) with different relative phase angles ϕ but
equal fit qualities are found. The statistical significances
of the f0(980)→a
0
0(980) mixing signal and that of the
J/ψ → φa00(980) EM process are 7.4σ and 4.6σ, respec-
tively, estimated by the changes of likelihood values be-
tween the fits with and without the mixing signal or EM
process included. The resulting fit curves are shown in
Fig. 2, and the signal yields are summarized in Table I.
For the decay ψ(3686) → γχc1, χc1 → pi
0pi+pi−, the
candidate events are required to have two identified pi-
ons with opposite charge and at least three photons.
A 4C kinematic fit is performed for the pi+pi−γγγ hy-
pothesis. For events with more than three photons,
the combination with the smallest χ24C is retained, and
χ24C < 20 is required. To reject the background events
with two or four photons in the final states, the two
requirements χ24C(pi
+pi−γγγ) < χ24C(pi
+pi−γγγγ) and
χ24C(pi
+pi−γγγ) < χ24C(pi
+pi−γγ) are imposed. The pi0
candidate is reconstructed using the two-photon combi-
nation with invariant mass closest to mpi0 , and the same
mass window is applied.
After applying the above requirements, the scatter plot
of Mpi+pi−pi0 versus Mpi+pi− is shown in Fig. 3(a). A
prominent cluster of χc1 → pi
0f0(980) events is observed.
TheMpi+pi− projection with the χc1 mass requirement of
|Mpi+pi−pi0 − mχc1 | < 20 MeV/c
2 is shown in Fig. 3(b).
The width of the f0(980) signal appears significantly nar-
rower than the world average value [6]. The events from
the χc1 sideband region (3.43<Mpi+pi−pi0 <3.47 GeV/c
2)
and the inclusive MC sample are used to estimate the
background shape, shown as the shaded histogram in
Fig. 3(b), which is found to be flat in the Mpi+pi− dis-
tributions.
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Figure 3. (color online) (a) Scatter plot of Mpi+pi−pi0 versus
Mpi+pi− for the χc1 → pi
+pi−pi0 decay and (b) fit to Mpi+pi−
spectrum for the χc1 → pi
+pi−pi0 in the χc1 signal region.
The dots with error bars are the data, the solid curve rep-
resents the fit result, the dashed curve represents the mixing
signal, and the shaded histogram represents the normalized
background from the χc1 sideband.
To determine the yield of the a00(980)→f0(980) mixing
signal in the χc1 → pi
+pi−pi0 decay, an unbinned maxi-
mum likelihood fit is performed to the Mpi+pi− spectrum
in [0.70, 1.25] GeV/c2. In the fit, the a00(980)→f0(980)
mixing signal and χc1 → pi
0f0(980) → pi
+pi−pi0 EM
process are described in the same fashion as in Eq.(3),
and the background shape is described by a second-
order Chebyshev polynomial function. The fit result is
illustrated in Fig. 3(b), and the signal yields are sum-
marized in Table I. The statistical significances of the
mixing signal and the EM process are estimated to be
5.5σ and 0.2σ, respectively. The interference effect be-
tween the mixing signal and EM process is weak enough
to be neglected. The direct contribution from the EM
process comes out to be negligible, and it is also ig-
nored in the nominal fit. With the extracted signal
yields, the branching fractions of the mixing processes
J/ψ → φf0(980) → φa
0
0(980) → φηpi
0, ψ(3686) →
γχc1 → γpi
0a00(980) → γpi
0f0(980) → γpi
+pi−pi0 and the
EM process J/ψ → φa00(980)→ φηpi
0, as well as the mix-
ing intensities ξfa and ξaf , are calculated as summarized
in Table II, where the normalization branching fractions
are taken from the PDG [6].
The systematic uncertainty for the branching fraction
measurement mainly comes from uncertainties in the
6Table I. Summary of the signal yields (N), relative phase
angles (ϕ), and the statistical significance (S) from the fits,
where the uncertainties are statistical only. In the decay
J/ψ → φηpi0 the former numbers are for the η → γγ decay
mode and the latter are for the η → pi+pi−pi0 decay mode.
Channel
J/ψ → φηpi0
χc1 → 3piSolution I Solution II
N (mixing) 161± 26 | 45± 7 67± 21 | 19± 6 42± 7
N (EM) 162 ± 54 | 46± 16 130 ± 51 | 37± 14 −
ϕ (degree) 23.6 ± 11.3 −51.5± 21.3 −
S (mixing) 7.4σ 5.5σ
S (EM) 4.6σ −
event selection efficiencies, the fit procedure, the branch-
ing fractions of intermediate state decays and the total
numbers of J/ψ and ψ(3686) events. The uncertainties
associated with the charged tracking and PID are both
1.0% per track [35], and 1.0% for photon detection [36].
For kinematic fits, differences in the efficiencies between
data and MC are determined to be 1.5% and 2.5% by se-
lecting clean control samples of J/ψ → ωη → pi+pi−pi0η
and ψ(3686)→ pi+pi−J/ψ → pi+pi−γη, respectively. The
uncertainties for φ, η, pi0 and χc1 mass window require-
ments are estimated as 1.8%, 0.1%, 1.0% and 3.0%, re-
spectively, while the contributions from the requirements
on χ2
pi0pi0
and χ2ηη are negligible. The uncertainty on the
η′ peaking background is estimated by varying η′ yields
by 1σ in the fit. The uncertainties on the continuum
background shape are estimated as 3.4% and 2.4% for the
two mixing processes by changing the order of the Cheby-
shev polynomial. The uncertainties on the branching
fractions of the intermediate state decays are taken from
PDG [6]. The uncertainties on the total numbers of J/ψ
and ψ(3686) events are 0.8% [28, 29] and 0.6% [30, 31],
respectively. The total systematic uncertainties are the
individual uncertainties added in quadrature (the corre-
lation between the two η decay modes in J/ψ → φηpi0 is
considered), as listed as the second item in Table II.
Various experiments, e.g., BNL E852 [22], KLOE [23,
24] and SND [25, 26], have reported different central
masses and coupling constants for a00(980) and f0(980)
resonances. To evaluate the likely impact from the in-
put parameters of a00(980) and f0(980), a series of fits
are carried out with the input masses and coupling con-
stants from the different experiments. As the fit results
turn out to be sensitive to the various input parame-
ters, the largest deviations from the nominal results are
treated as isolated uncertainties and are summarized as
the third term in Table II.
We obtain constraints on ga0K+K− and gf0K+K− by
scanning the two coupling constants in the region of [0.0,
6.0]GeV, which covers all the results from theories and
experiments, and calculate the statistical significance of
the mixing signal by simultaneously fitting theMηpi0 and
Mpi+pi− spectra in the data. Other input parameters of
a00(980) and f0(980) are fixed to the CB-experiment val-
ues in the fit. The statistical significance of the signal
versus the values of ga0K+K− and gf0K+K− is shown in
Fig. 4. The regions with higher statistical significance in-
dicate larger probability for the emergence of the two cou-
pling constants. The predicted coupling constants from
various models [18] are displayed as well (color markers),
but the theoretical uncertainties on the models are not
considered here.
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Figure 4. (color online) The statistical significance of the sig-
nal scanned in the two-dimensional space of ga0K+K− and
gf0K+K− . The regions with higher statistical significance in-
dicate larger probability for the emergence of the two coupling
constants. The markers indicate predictions from various il-
lustrative theoretical models.
In summary, the a00(980)-f0(980) mixing is studied
with the isospin violating processes J/ψ → φa00(980) →
φηpi0 and χc1 → pi
0f0(980)→ pi
0pi+pi− using the samples
of 1.31 × 109 J/ψ events and 4.48 × 108 ψ(3686) events
accumulated at the BESIII detector. Based on the input
parameters of a00(980) and f0(980) in Refs. [18, 21], the
signals of f0(980)→a
0
0(980) and a
0
0(980)→f0(980) are ob-
served for the first time with statistical significances of
7.4σ and 5.5σ, respectively. The corresponding branch-
ing fractions of the mixing signal and the mixing inten-
sities as well as the EM process of J/ψ → φa00(980) →
φηpi0 are also measured. Finally, the significance of the
mixing signal is measured versus the values of the two
coupling constants, ga0K+K− and gf0K+K− , and com-
pared with theoretical predictions. In addition, the cen-
tral values of the mixing intensities, ξfa and ξaf , can be
used to estimate the coupling constants of the f0(980)
and a00(980) resonances [37]. The results of this measure-
ment help to deepen our understanding of the nature of
the a00(980) and f0(980) mesons.
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